University of New Mexico

UNM Digital Repository
Biomedical Engineering ETDs

Engineering ETDs

Summer 7-14-2022

Development of a Programmable, Open-Source, and CostEffective Fluidic System for Cell Culture Applications
Charles Montoya
University of New Mexico - Main Campus

Follow this and additional works at: https://digitalrepository.unm.edu/bme_etds
Part of the Biomedical Devices and Instrumentation Commons, and the Other Medicine and Health
Sciences Commons

Recommended Citation
Montoya, Charles. "Development of a Programmable, Open-Source, and Cost-Effective Fluidic System for
Cell Culture Applications." (2022). https://digitalrepository.unm.edu/bme_etds/35

This Thesis is brought to you for free and open access by the Engineering ETDs at UNM Digital Repository. It has
been accepted for inclusion in Biomedical Engineering ETDs by an authorized administrator of UNM Digital
Repository. For more information, please contact disc@unm.edu.

i
Charles Montoya
Candidate

Biomedical Engineering
Department

This thesis is approved, and it is acceptable in quality and form for publication:
Approved by the Thesis Committee:
Dr. Andrew Shreve, Chairperson
Dr. Eva Chi
Dr. Nick Carroll

ii
DEVELOPMENT OF A PROGRAMMABLE, OPEN-SOURCE,
AND COST-EFFECTIVE FLUIDIC SYSTEM FOR CELL
CULTURE APPLICATIONS
by

CHARLES MONTOYA
B.S. CHEMICAL ENGINEERING, UNIVERSITY OF NEW
MEXICO, 2019

THESIS
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
Biomedical Engineering
The University of New Mexico
Albuquerque, New Mexico
August 2022

iii
ACKNOWLEDGEMENTS
There are many individuals who have made the work presented in this thesis possible.
First and foremost, I would like to express my deepest appreciation to my advisor, Dr.
Andrew Shreve, for allowing me to work in his research group and sharing his invaluable
knowledge. I have gained so much from this experience, and I am beyond lucky to have
worked under someone like you. The hours spent together improving this thesis will
never be forgotten. I would also like to extend my gratitude to the rest of our research
team, with mentorship by Dr. Todd Thompson and Dr. Francesco Sorrentino, for the
hours of discussion and training with regards to this work. I am also extremely thankful
for my other committee members, Dr. Eva Chi and Dr. Nick Carroll, for their guidance
on this project.
I want to extend my deepest gratitude to Nelson Amaya for working diligently with
me on most aspects of this work. Your intelligence, great attitude, and humor made this
experience all the better and I have made a true friend. I also want to extend a big thank
you to the other students in our research group, Carl Esperanzate and Amir Nazerian.
Finally, I would like to thank my amazing family and friends for their unconditional
love and support throughout my graduate career and this process. I am so lucky to have
you all in my life and I am forever indebted to you.

iv
DEVELOPMENT OF A PROGRAMMABLE, OPEN-SOURCE, AND COSTEFFECTIVE FLUIDIC SYSTEM FOR CELL CULTURE APPLICATIONS
by
Charles Montoya
B.S. Chemical Engineering, University of New Mexico, 2019
M.S. Biomedical Engineering, University of New Mexico, 2022

ABSTRACT
Open-source laboratory equipment has become an increasingly popular alternative
to commercially available options due to its simple implementation, capability of usercustomized modifications, and cost-effectiveness. Presented here is the development of a
programmable and open-source fluidic system comprised of three custom-built syringe
pumps for cell culture applications. The fluidic system was directly integrated with a
multiwell plate on an environmentally controlled microscope platform for live-cell
imaging and time-lapse analyses of cellular responses as culture conditions are adjusted
using the programmable fluidic system. Proof-of-concept of this system is obtained by
controlling autophagic activity in A549 cells by adjustment of nutrient supply. The
programmability of this fluidic system allows for straightforward, low-cost
implementation of feedback control methods in cell culture systems. These results will
enable future research on understanding cell responses to time-dependent modulation of
culture conditions or dosing with multiple pharmaceutical reagents.
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CHAPTER 1
INTRODUCTION
The need for precise control of fluids is essential in many biomedical engineering
applications, notably any application involving cell cultures. Whether exchanging
growth medium for maintaining growth conditions or analyzing cellular responses to
certain drugs or reagents, for example, precise and tightly controlled fluid
manipulation is critical. Typically, these studies involve relatively small volumes that
are handled manually with some variation of a pipette or pipettor.1 Such tasks can
involve many tedious and time-consuming steps with the additional factor of human
error. Therefore, there are many potential benefits to having a dedicated system that
facilitates such manipulation of fluids in a simple, efficient, and cost-effective way.
Adding automation capability is even more advantageous and also allows for
implementation of feedback control methods. The goal of the work presented in this
thesis is to develop a programmable, open-source, and cost-effective fluidic system
for facilitating cell culture experimentation.
For most cell culture applications, typical volumes are small, in the milliliter or
submilliliter range.2 For example, the recommended amounts of growth medium for
cell cultures in 6- and 96-well plates are 1-3 mL and 0.1-0.2 mL, respectively.
Microfluidics is the field dealing with the manipulation of small volumes (microliters
and nanoliters), and the devices used in microfluidic applications were the inspiration
for developing the fluidic system presented here.3 There are a few different
commercially available flow control systems in microfluidics such as peristaltic
pumps, pressure controllers, and syringe pumps. Each has its own strengths and
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weaknesses, but syringe pumps are the most adopted flow control system in
microfluidic applications due to their ease of use and efficient control of flow.4
Therefore, they were chosen as the primary component of the fluidic system for this
work.
Syringe pumps come in a multitude of designs and features, but in general, they
are comprised of a motor and a driver that engages the piston of a syringe, controlling
the amount and rate at which fluids are delivered.5 One major drawback is that
commercially available syringe pumps can be a significant cost to a laboratory. For
example, a single-syringe infusion pump from World Precision Instruments, a
laboratory equipment manufacturer, is about $1045.00 as of April 2022.6 This is their
simplest model with limited features, and the price significantly increases as they
increase in capacity and more advanced features.7 These costs can be significantly
reduced by custom-building syringe pumps with cost-effective and open-source
hardware and software, which was implemented here. Custom-built and open-source
laboratory equipment has become increasingly popular with the increased
accessibility to 3D printers and wide implementation of simple, open-source
microcontrollers like the Arduino systems.8 Combining 3D printed hardware with
open-source software allows for the ability to customize equipment for specific
applications while significantly reducing costs.
There are a few published, custom-built, and open-source syringe pumps
available. The syringe pumps developed for this work were adapted from original
designs by Lake et al. as described in Chapter 3.9 In the original designs, the main
components of the syringe pump were 3D printed while the rest came from other
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affordable, “off-the-shelf” hardware.9 An Arduino Uno microcontroller, the most
used and documented microcontroller10, was used to operate the syringe pump. It was
also programmed as a proportional-integral-derivative (PID) controller for
implementing feedback-controlled pressure driven flow in a microfluidic chip by the
syringe pump. This aspect of these designs was also particularly attractive as a longterm goal of our work is to integrate the fluidic system with closed-loop cell culture
systems.
There were significant considerations for the fluidic system to facilitate cell
culture experimentation. Most human cell lines, including those used in proof-ofconcept studies discussed below, should be maintained between 36-37°C.11 Therefore,
the fluids being delivered to the cells by the fluidic system should also be maintained
at that temperature. There is also the consideration of mitigating sources of biological
or chemical contamination, and it was therefore essential for the fluidic system to be
biocompatible and sterile. To achieve these features, the fluidic system was contained
in a custom-built, temperature-controlled, and biocompatible environment that was
developed in the current work.
This thesis presents the development of a fluidic system for the simple and
efficient implementation of cell culture experimentation. The fluidic system is
comprised of three custom-built 3D-printed syringe pumps operated in a
programmable manner by an open-source Arduino Uno microcontroller. Additionally,
the fluidic system was encased in a custom-built, temperature-controlled, and
biocompatible environment. The fluidic system was also directly integrated with a
multiwell plate on an environmentally controlled microscope platform for live-cell
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imaging and time-lapse experimentation on cell cultures. Figure 1.1 shows a picture
of the entire system. The cost-effective and open-source nature of this fluidic system
enables it to be affordably produced and easily adapted and modified, particularly due
to the simple and straightforward programming with the Arduino environment. The
Arduino Uno allows for potential automation of the fluidic system and future
implementation of feedback control strategies, for example, a feedback-controlled
delivery of a pharmaceutical reagent to cell cultures. Moreover, this fluidic system
can be applied to any application, related to cell culture or not, where relatively small
amounts of volume delivery or withdraw is needed.
The remainder of this thesis is organized as follows. Chapter 2 describes
background information on available open-source laboratory equipment, more
specifically open-source syringe pumps, and the Arduino Uno microcontroller.
Chapter 3 delves into the development of this fluidic system from the bottom up.
Chapter 4 details the integration of the fluidic system with a multiwell plate and an
environmentally controlled microscope platform for cell culture experimentation.
Chapter 5 discusses the proof-of-concept application of this fluidic system in the
context of the cellular process autophagy. Lastly, a summary of the presented work
and future directions are presented in Chapter 6.

5

Figure 1.1: The fluidic system and environmentally controlled microscope platform.
The fluidic system is comprised of three custom-built syringe pumps encased in a
custom-built, temperature-controlled, and biocompatible environment.
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CHAPTER 2
BACKGROUND
This chapter discusses relevant background information for this work. First, a
general introduction to the field of open-source laboratory equipment is given with many
practical and published examples. Following is a discussion of published and open-source
syringe pumps including the examples that this fluidic system is based on. Finally, an
overview is given of the Arduino Uno microcontroller, which is at the heart of many
open-source laboratory equipment, including the fluidic system that this work is based
on.

2.1 Open-Source Laboratory Equipment
Free and open-source software and hardware has made a profound impact across
all scientific fields. Software that was either too expensive or otherwise inaccessible
can now be replaced with free and easily accessible alternatives. The emergence and
accessibility of 3D printers allows for a variety of scientific hardware and laboratory
equipment to be custom-built as an alternative to commercially available options. In
many cases, these advances significantly reduce laboratory costs and enable usercustomized modifications.8 Furthermore, much of this equipment can be easily
interfaced and controlled by open-source software. There are larger scale,
community-driven repositories for open-source materials. For example, Metafluidics
is an open-source, community-driven repository for design files and software for
microfluidic systems.12 Similarly, Thingiverse is an open-source repository of 3D
printed designs, many of which are of laboratory equipment.13 There are also several
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published examples of open-source laboratory equipment such as FlyPi, a completely
open-source platform for fluorescence microscopy14, an orbital shaker for use in
temperature and humidity controlled incubators15, and of course syringe pumps9,16,17,
which were a source of inspiration and a valuable resource for developing the fluidic
system discussed herein. All the above examples can be reproduced for around $100
or less.

2.2 Open-Source Syringe Pumps
There are a few published, open-source syringe pumps that were assessed
throughout this work.9,16,17 Each syringe pump was comprised of 3D printed
components, which were designed with computer-aided design (CAD) software, other
“off-the-shelf” hardware including motors and linear motion rods, and some form of
an open-source microcontroller such as an Arduino or Raspberry Pi. Wijnen et al.
presents two different syringe pumps with two different motor sizes.16 One assembly
using a NEMA 17 motor is shown in Figure 2.1a, as adapted from the article. The 3D
printed components of the syringe pumps were printed with polylactic acid (PLA) and
a Raspberry Pi single-board computer with a Python program was used to drive the
motors. With a 25 mL syringe, these pumps produced a maximum delivery rate of 2.1
mL/s. These assemblies seem to be the leading open-source syringe pumps as many
others, including the ones discussed below, are based on these designs.
Another available open-source syringe pump assembly was referred to as “the
poseidon system” as portrayed in Figure 2.1b adapted from the article.17 The poseidon
system was comprised of a multi-syringe pump array and a custom-built, open-source
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microscope system used for low cost microfluidic experiments. The syringe pumps
were also capable of working independently from the microscope. The syringe pumps
were based on the design mentioned above by Wijnen et al. An Arduino
microcontroller was used to operate the syringe pumps. This design seemed to be
more efficient due to the smaller number of 3D printed parts and hardware required
for the assembly. It is also easily adaptable to different syringe sizes, which makes it
particularly competitive as an open-source option.
One open-source syringe pump assembly, by Lake et al., was particularly
influential in the work highlighted in this thesis.9 The syringe pump was made of
acrylonitrile butadiene styrene (ABS) and similar mechanical hardware as the abovementioned syringe pumps. A reproduction of the design as built in our labs is shown
in Figure 2.1c. As reported by Lake et al., this syringe pump system was designed
with pressure feedback control for more stable and responsive control of flow through
a microfluidic chip. The total system was comprised of the custom-built syringe
pump (based on the design by Wijnen et al.), a pressure sensor and amplifier, an
Arduino Uno microcontroller, and a motor driver that sends a signal to the motor of
the syringe pump. Lake et al. found the system to be highly responsive and wellregulated. This implementation of a custom-built syringe pump with programmable
feedback control was a valuable resource for the work in this thesis because it was
desired to develop a fluidic system capable of being programmed and implemented
into closed-loop feedback control systems for cell culture experimentation.
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Lead screw
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Microscope
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Figure 2.1: Three different published open-source syringe pumps. (a) Syringe pump
by Wijnen et al.16 Image adapted from the article. (b) Poseidon system composed of
multi syringe pump array with microscope platform. Image adapted from the article.17
(c) Reproduction of syringe pump design by Lake et al.9 as built in our lab.
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2.3 Arduino Uno Microcontroller
There are several open-source microcontrollers available such as the Arduino
Uno and Raspberry Pi, which were mentioned above. These microcontrollers are
small computers on a single circuit board with programmable input/output systems.
They are used in numerous applications, including operating motors as needed for
custom-built syringe pumps.18 The Arduino microcontrollers are a popular option due
to their low cost (e.g. approximately $30 for the models used here) and their simple
and straightforward hardware and software interfaces.19 Arduino offers several
different boards with varying features, however, the Arduino Uno, shown in Figure
2.2 as adapted from the Arduino website, is the most used and documented board.10 It
was used to operate the fluidic system described herein. The following description
refers to the labels depicted on Figure 2.2. Only the components that were used for
this work are described.
It contains a USB port (1), which is used to serially communicate with a computer
or provide power to the board. For the fluidic system, an external power supply was
used to power the Arduino via its Vin and GND pins (2 and 3). It also has 13 digital
input/output pins for sending and receiving signals (4). The user defines the pins as
either input or output, but they both have a “low” (off) and a “high” (on) state
corresponding to 0 volts and 5 volts, respectively.20 Six of the input/output pins are
capable of pulse-width modulation (PWM) as indicated by the “~”. PWM is a way of
making an analog-like signal from a binary digital signal.21 This type of output is
important for operating analog devices such as motors for syringe pumps.
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The Arduino Integrated Development Environment (IDE) is the open-source
software used to write the programs for the Arduino boards. These programs are
called sketches.22 The main components of the software are the Editor and Compiler,
which is used for writing the code and uploading the code to the board, respectively.
The sketches are uploaded to the board via USB. The Arduino IDE supports C and
C++ languages.22 This background information aids in the understanding of the next
chapter, which discusses the development process of the fluidic system.
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4

1

2

3

Figure 2.2: Image of an Arduino Uno board adapted from the Arduino website.10 The
board contains a USB port (1), pins for an external power supply (2 and 3), and 13
digital input/output pins (4). Six of the pins are capable of pulse-width modulation
(PWM) as indicated by the “~”. Only the components that were used in this work are
labeled.
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CHAPTER 3
FLUIDIC SYSTEM DEVELOPMENT
3.1 Introduction
This chapter describes in detail the development process of the fluidic system
from the bottom up. Again, the fluidic system is comprised of three custom-built,
open-source syringe pumps. The syringe pump designs were based on previously
mentioned open-source syringe pumps9, however, many modifications were made to
suit the goals of this work. Primarily, we aimed to make the designs more economical
and efficient, particularly in terms of raw material used, manufacturing/assembly
times, and the number of parts required for assembly. To do so, the engineering
practice of design for manufacturability (DFM) was implemented. DFM is the
process of designing products in such a way that maximizes the efficiency of
manufacturing and minimizes the associated costs.23
The development process proceeded in the following steps. First, the syringe
pumps were designed in the CAD software, SolidWorks, and then 3D printed and
assembled. The software and electronics were then programmed and installed to
operate the three syringe pumps before making the fluidic system compatible for cell
culture experimentation. Each of these steps is described below in their own
respective sections.
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3.2 Syringe Pump Development
3.2.1

Design Considerations
The initial step in the fluidic system development was developing the syringe

pumps. There were many considerations made during the design of these syringe
pumps based on DFM principles. In particular, one way to enhance a product is to
minimize the total number of associated parts, which was implemented here.23 For the
syringe pumps, this includes their major components as well as fasteners and other
hardware. Reducing the total number of parts allows for a simpler design and reduces
the amount of material, and therefore costs, required. It also enhances the ease and
time of assembly downstream in the development process.
Another key design consideration for the syringe pumps was to make them
adaptable to various syringe sizes. The design that these syringe pumps were based on
were only capable of holding 10 mL syringes.9 Although that may suit many
applications, the fluidic system is inherently improved by adding extra adaptability.
For the applications described in this thesis, 60 mL syringes were the best fit.
Therefore, it was desired to have the syringe pumps capable of handling syringes
ranging from 5-60 mL.

3.2.2

Computer-Aided Design of Syringe Pump Components
There are six components of the syringe pumps that were designed in the CAD

software, SolidWorks. Figure 3.1 displays the designs of each component as well as a
full assembly of the components (Fig 3.1g). Each was designed from the bottom up
and later 3D printed. The syringe holder (Fig. 3.1a) has grooves for the syringe to fit
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in firmly. It also contains screw holes to mount the motor. The syringe fastener (Fig.
3.1b) attaches to the syringe holder and keeps the syringe in place. The driver (Fig.
3.1c) moves linearly, manipulating the syringe plunger via the push rod (Fig. 3.1d),
which is held in place to the driver by its fastener (Fig. 3.1e). The mounting piece
(Fig. 3.1f) was used to mount the syringe pumps vertically and assist in rotational
movement (discussed below). Each design was an iterative process and were based on
length units of millimeters. Since many of these mechanical parts are load bearing,
fillets were applied to points of high stress concentration, such as sharp joints, to
improve the durability of the parts. The SolidWorks files were saved as STL files for
3D printing. STL files contain the surface geometry information of a 3D object.
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a

b

c

d

e

f

g

Figure 3.1: Images of the six components of the syringe pumps designed in the CAD
software, SolidWorks. These include the syringe holder (a), the syringe fastener (b),
the driver (c), the push rod (d), the push rod fastener (e), the mounting piece (f), and a
complete assembly (g).
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3.2.3

3D Printing of Syringe Pump Components
An Ultimaker S3 3D printer was used to 3D print the syringe pump components.

The STL files from SolidWorks were uploaded to the slicing software, Cura. Cura
takes the STL files and “slices” them into individual layers throughout the z-axis,
producing the g-code. The g-code contains different movement and action commands
for the 3D printer to produce the part.24 Figure 3.2 shows the Cura interface with the
slicing and printing time of all six components of the syringe pumps. The total print
time for all the parts was about 33.5 hours. Different orientations of each part were
tested to optimize the printing time.
The 3D printed material used for each part was tough polylactic acid (tough
PLA), specifically Ultimaker 2.85mm Tough PLA. Other materials considered for use
were regular PLA and acrylonitrile butadiene styrene (ABS). Tough PLA was chosen
over these other materials for a few reasons. Tough PLA has a higher impact strength
and is less brittle than PLA. It also has a higher stiffness than ABS.25 These properties
were desirable for improved durability. It also prints with a more matte surface finish,
which added to the appearance of the syringe pumps.
Tough PLA is also compatible with the support material polyvinyl alcohol (PVA),
which was used in the 3D printing of these syringe pumps. Specifically, Ultimaker
2.85mm PVA was used. Support material is required in parts that have overhangs or
some component suspended in mid-air. Since the parts are printed layer-by-layer, the
support material acts as a temporary layer that can be later removed as a
postprocessing step. PVA is water-soluble and is dissolved from the part. For the
syringe pump parts, the PVA was typically dissolved overnight, and they were left to
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dry for up to four hours. No other post-processing of the parts was necessary. For
printing all six pieces, about 123.8g of tough PLA and 33.5g of PVA was used. After
drying, the parts were ready for assembly.
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Figure 3.2: Slicing of the six printed components of the syringe pump for 3D printing
by the Ultimaker Cura slicing software. To print all six pieces at once, the print time is
around 33.5 hours using about 123.8g and 35.5g of tough PLA and PVA, respectively.
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3.2.4

Syringe Pump Assembly
Aside from the 3D printed components of the syringe pumps, they also required

other affordable, “off-the-shelf” hardware that were purchased online. Figure 3.3a
shows a deconstructed syringe pump with labeled parts and Table 3.1 gives a
description of each labeled part including the make and model where applicable. The
discussion below refers to the labeled part numbers. Additionally, Figure 3.3b shows
a complete assembly of the syringe pump. NEMA17 stepper motors (Part 1) were
used to drive the syringe pumps. The National Electrical Manufacturers Association
(NEMA) defines a set of standards for many mechanical products including stepper
motors. NEMA categorizes the stepper motors in terms of their frame size, so a
NEMA17 motor is 1.7 inches square. Stepper motors rotate their shaft in small
discrete steps. Typically, the larger the frame size means the more torque provided by
the motor.26 The stepper motor is fastened to the 3D printed syringe holder (Part 2)
with four M3x16mm screws (Part 3). The motor is also attached to a linear coupler
(Part 4) that is connected to a 250mm M5-0.8 threaded rod (Part 5). The coupler and
threaded rod translate the motor torque into linear thrust, which is essential to operate
the syringe. Additionally, two 6x200 mm linear rods (Part 6) are used to assist
maintain stability throughout linear motion. The 3D printed driver (Part 7) contains
two openings for the linear rods and an opening for an M5-0.8 nut (Part 8) to fasten
the threaded rod. It also contains two holes in the bottom of the piece for two linear
ball bearings (Part 9) to reduce friction in the linear motion of the pump. The
remaining components of the assembly are the syringe fastener, the push rod, the
push rod fastener, and the mounting piece. The syringe fastener (Part 10) is attached
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to the syringe holder using an M3-25mm screw and nut (Part 11). It keeps the syringe
in place using an M3-40mm screw and winged nut (Part 12). The push rod (Part 13)
attaches to the plunger of the syringe and is fastened to the driver with its fastener
(Part 14). The mounting piece (Part 15) contains an opening for a deep groove ball
bearing (Part 16) for support in the rotational movement of the threaded rod. It also
has two screw holes for M3-40mm screws (Part 17) for attachment to the
temperature-controlled and sterilizable apparatus as discussed below.
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a

b

Figure 3.3: A deconstructed syringe pump (a) with each individual part labeled. Table
3.1 below organizes each part by their labeled number with a description given.
Additionally, an assembled syringe pump with a 60 mL syringe is shown (b)
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Table 3.1: A description of each part of the syringe pump organized by part number
assigned in Figure 3.3a.
Part #

Part Name

Description

1

Usongshine® NEMA17 Stepper
Motor

Mechanically operates the syringe pump

2

Syringe Holder

Holds the syringe and mounts the motor

3

M3-16mm Screws

Fastens the motor

4

Uxcell® Linear Coupler
Feeler® M5-250mm Threaded
Rod
VICHSAMWY® 6x200mm
Linear Rods

Translates the motor torque into linear motion

7
8

Driver
M5-0.8 Nut

Drives the syringe
Fastens the threaded rod to the Driver

9

Uxcell® Linear Ball Bearings

Reduce friction from linear motion

10

Syringe Fastener

11

M3-25mm Screw and Nut

Holds the syringe in place
Joins the Syringe Fastener to the Syringe
Holder

5
6

Lead screw
Assists in linear motion

13
14

M3-40mm Screw and Winged
Nut
Push Rod
Push Rod Fastener

Holds the syringe in place together with the
Syringe Fastener
Attaches to the plunger of the syringe
Fastens the Push Rod to the Driver

15

Mounting Piece

Mounts the syringe pumps vertically

16

Uxcell® Deep Groove Ball
Bearing

Reduce friction from rotational movement of
the lead screw

17

M3-40mm Screws

Used to mount the syringe pump vertically via
the Mounting Piece

12
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3.2.5

Discussion
Each syringe pump is composed of 25 total parts including fasteners. The average

assembly time for each syringe pump is approximately three minutes based on four
different assemblies. For comparison, the syringe pump design that these are based on
is composed of 32 total parts with an average assembly time of approximately eight
minutes also based on four different assemblies. That is approximately a 22% and
67% reduction in the total number of parts and assembly time, respectively. This
reduction in the number of parts was a fundamental consideration for developing
these modified syringe pumps. One method of reducing the number of parts was to
combine components that were initially separate in the original design. Examples
include the syringe holder and the driver as shown in Figures 3.4a,b and Figure
3.4b,c, respectively, with a comparison to the original design as reproduced in our
lab. The syringe holder of the original design is composed of 15 total parts including
fasteners, and our modified design is composed of five total parts. For the syringe
fastener, the original design is composed of six total parts including fasteners, and our
modified design is composed of one part. This also significantly reduced the
associated assembly time. The syringe fastener was further enhanced compared to the
original design as shown in Figure 3.5. In the original design, the syringe was
fastened to the pump by two screws as shown in Figure 3.5a. This made it particularly
difficult and time consuming to replace the syringe. In our modified design, the
syringe fastener is permanently connected to the syringe holder and easily opens and
closes to replace the syringe, as shown in Figure 3.5b. The syringe is fastened to the
holder with a winged nut that is easily manipulated by hand and requires no tools.

25
The printing time and amount of material was also reduced compared to the original
design. Overall, a simpler, more efficient, and cost-effective design is presented here.
After assembling the syringe pumps, the electronics and software were installed to
operate them.
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a

b

c

d

Figure 3.4: Comparison of the number parts of our developed syringe holder (b) and
driver (d) to the original design (a and c), which was reproduced in our lab. There is a
significant reduction in the number of parts by merging these pieces together. This
also reduces the assembly time.
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a

b

Figure 3.5: Comparison of the syringe fastener component of our modified design (b)
to the original design (a), which was reproduced in our lab. In our modified design,
removing the winged nut by hand allows for simple access to the syringe compared to
removing the two screws in the original design, which can be time consuming.
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3.3 Operating the Syringe Pumps
3.3.1

Electronics and Software
The main components of the system that needed power were the motor drivers

and the Arduino Uno microcontroller. Figure 3.6 is a diagram of the electronic set up
used to power and operate one syringe pump. An external DC power supply (Fig.
3.6d) provides power in parallel to the motor driver (Fig. 3.6b) and Arduino Uno (Fig.
3.6c). For the three syringe pumps, each pump has its own motor driver, and are all
controlled by one Arduino. SparkFun® EasyDrivers were used as the motor drivers.27
They control the direction and speed of the motors by transforming a pulse signal,
into angular displacement, or a step of the motor. The Arduino Uno sends the pulse
signal to the motor drivers. The three motor drivers were each placed on a separate
breadboard to control a particular syringe pump motor. These specific motors are two
phase, bipolar, DC stepper motors with a step angle of 1.8°/step, or 200
steps/revolution. However, the motor drivers are capable of micro-stepping, which
divides one full step of the stepper motor into smaller steps for more positional
accuracy and resolution.28 The EasyDrivers are defaulted at a 1/8th micro-step mode
giving the motors a resolution of 0.225°/step or 1600 steps/revolution, which is the
maximum resolution offered by the EasyDrivers.27 The calibration of motor steps to
volume displacement in the syringe is discussed below.
The open-source Arduino IDE software was used to write the programs, also
called sketches, for operating the syringe pumps. The Arduino sketch for operating
the syringe pumps is given in the Appendix. This sketch was adapted from an opensource sketch for operating a stepper motor using the AccelStepper library in the
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Arduino IDE software.29 Modifications were made to operate the three stepper motors
for the fluidic system applications. The AccelStepper Arduino library was used to
provide a simple interface with multiple stepper motors and motor drivers. It sets
parameters such as the speed and acceleration of the stepper motors in terms of
steps/sec.30 The sketch used the Serial Monitor of the Arduino IDE software to
serially communicate with the Arduino Uno acting as a control panel for each of the
syringe pumps. By inputting a specific command into the Serial Monitor, the stepper
motors would displace the syringe in a certain direction. The command includes a
number of steps to take, the speed at which to take them, and a specified variable
corresponding the direction. The number of steps and speed correspond to a particular
volume and flow rate, as discussed below. Other variables would command the
syringe pumps to stop immediately, assign a homing position or return to the homing
position from any other location.
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d
a

b
c

Figure 3.6: Electronic setup for operating one syringe pump (a). The external power
supply (d) provides power in series to the Arduino Uno (c) and the motor driver
connected to a breadboard (b). The program to control the syringe pumps was
uploaded to the Arduino Uno, which sends a pulse signal to the motor driver. The
motor drivers use that pulse signal for angular displacement for the motor. For three
syringe pumps, each pump has its own motor driver, and are all controlled by one
Arduino.
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3.3.2

Flow Characterization
As previously mentioned, the fluidic system was designed for simple integration

of different syringe sizes, specifically 5-60 mL syringes. However, for the
applications of this fluidic system as described below, 60 mL syringes were used.
Calibrating the number of motor steps to a corresponding volume displacement in the
60 mL syringe was an iterative process by testing different steps and comparing the
corresponding volume displacement. For a 60 mL syringe, 3600 steps correspond to a
volume displacement of 1 mL. Furthermore, a motor speed of 6000 steps/sec was
typically used in these applications, which corresponded to a flow rate of 1.67
mL/sec. The flow rate can easily be changed by changing the motor speed. However,
the documentation for the AccelStepper library in the Arduino IDE software states
that motor speeds greater than 6000 steps/sec are unreliably supported, but speeds as
low as one step/sec are supported.30 The flow rates are limited by the AccelStepper
library and the type of motor used.
Although the flow rates of the other syringe sizes were not experimentally
determined, the anticipated flow rates for each syringe size at various motor speeds
were calculated using the equation
𝑄=

𝐴∙𝑆
𝑅∙𝑇

(3.1)

where 𝑄 is the volumetric flow rate (volume/time), 𝐴 is the cross-sectional area of the
syringe (sq. length), 𝑆 is the motor speed (steps/time), 𝑅 is the resolution of the motor
(steps/revolution), and 𝑇 is the linear resolution of the syringe pump
(revolutions/length). For these developed syringe pumps, the motor resolution is 1600
steps/revolution (𝑅=1600 steps/rev) and the linear resolution is 12.5 revolutions/cm
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(𝑇=12.5 rev/cm). The cross-sectional area of each syringe size was calculated from
the specifications (i.e. inner diameter) of typical commercially available syringes.31
Table 3.2 below shows the syringe size with its corresponding inner diameter and
cross-sectional area. Syringes sizes included are 5, 10, 20, 30, and 60 mL syringes.
Small modifications to the 3D printed syringe fastener of the syringe pump might be
necessary to properly fit the smaller 5 mL syringe. Table 3.3 below shows the
calculated flow rates for each syringe size using Equation 3.1 for motor speeds of 60,
600, and 6000 steps/sec. Figure 3.7 below shows the corresponding plot of the
calculated flow rates over these motor speeds. These speeds correspond to a low,
medium, and high flow rate based on the constraints set by the AccelStepper library
in the Arduino IDE software as mentioned above. Although we have not carefully
explored the lower range of stability for the flow rates by these syringe pumps, we
have arbitrarily chosen 60 steps/sec as the lower end. The anticipated flow rates over
the five different syringe sizes range from approximately 200 µL/min to 1.67 mL/s.
Our experimental flow rate for the 60 mL syringe matches with the calculated flow
rate by Equation 3.1.
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Table 3.2: Specifications of typical commercially available syringe sizes.31
Syringe Volume
(ml)

Inner Diameter
(cm)

Cross-sectional Area
(cm2)

5

1.21

1.15

10

1.45

1.65

20

1.91

2.87

30

2.17

3.70

60

2.67

5.60

Table 3.3: Calculated syringe pump flow rates for different syringe sizes and motor
speeds of 60, 600, and 6000 steps/sec using Equation 3.1.
Syringe
Volume
(ml)
5

10

Motor Speed
(steps/s)

Flow Rate
(mL/s)

Flow Rate
(!L/min)

60
600
6000
60
600

3.45 x 10-3

207

3.45 x 10-2
0.345
4.95 x 10-3
4.95 x 10-2
0.495
8.61 x 10-3
8.61 x 10-2
0.861
1.11 x 10-2

2.07 x 103
2.07 x 104
297
2.97 x 103
2.97 x 104
516
5.16 x 103
5.16 x 104
666

0.111

6.66 x 103

1.11
1.68 x 10-2
0.168
1.68

6.66 x 104
1.01 x 103
1.01 x 104
1.01 x 105

6000
20

30

60

60
600
6000
60
600
6000
60
600
6000
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Flow Rate (!L/min)

100000

10000

5 mL syringe
10 mL syringe
20 mL syringe
30 mL syringe
60 ml syringe

1000

100
50

500

5000

Motor Speed (steps/sec)

Figure 3.7: Plot of calculated flow rates over different motor speeds for 5, 10, 20, 30,
and 60 mL syringes. Flow rates were calculated using Equation 3.1. Flow rates range
from approximately 200 µL/min to 1.67 mL/s.
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3.4 Chapter Summary and Conclusions
This chapter describes the bottom-up development of a programmable fluidic
system suitable for work in cell culture studies. The initial step was using CAD
software to design the major components of the syringe pumps that were later 3D
printed. The designs were based on published open-source syringe pumps9, but
significantly modified and enhanced to better suit the applications presented in this
thesis. The 3D printed components were then combined with affordable, “off-theshelf” hardware to complete the syringe pump assemblies. Additional electronics
were installed, and the open-source Arduino IDE software was used to program the
code to operate the syringe pumps.
This fluidic system provides a simple and affordable alternative to any
commercially available syringe pump. It is also a significant alternative to other
published open-source syringe pump-based fluidic systems. As it stands, the fluidic
system is easily adaptable to any application where manipulation of relatively small
amounts of volume is necessary. Its open-source nature allows for simple
modifications to suit the desired application. Overall, this fluidic system is an
adaptable, easily programmable, cost-effective, and simple option for milli or
microfluidic applications.
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CHAPTER 4
DEVELOPMENT OF A CELL CULTURE SYSTEM WITH INTEGRATED
FLUIDICS, ENVIRONMENTAL CONTROL, AND MICROSCOPY
4.1 Introduction
This chapter describes the development of a cell culture experimentation system
comprised of the fluidic system integrated with a multiwell plate and environmentally
controlled microscope platform. The initial step was making the fluidic system
compatible with cell cultures, particularly in terms of maintaining adequate
temperature and sterility. Most human cell lines should be maintained between 3637°C and even mild cold shock, with temperatures around 25°C, has been shown to
completely inhibit cell proliferation.32 The fluidic system should then be able to
deliver fluids at the appropriate temperature without negatively affecting the cells.
Furthermore, there are several potential biological and chemical contaminants that
pose a threat to cell cultures. Airborne particles are the greatest source of
contamination and equipment used in or around cell cultures, such as the fluidic
system, should be sterilized with 70% ethanol or some other sterilization technique
before use.33 To make the fluidic system meet these considerations and compatibly
work with cell cultures, it was contained in a custom-built, temperature-controlled
and biocompatible box. The development of this box is discussed in detail in below.
Additionally, we aimed to integrate the temperature-controlled and biocompatible
fluidic system with a multiwell plate on an environmentally controlled microscope
platform. This allows for live-cell imaging and time-lapse analyses of cellular
responses. Typically, cells are kept in an incubator until the there is a need to treat or
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image the cells, which provide the cells with physiological conditions for growth such
as appropriate temperature, humidity, oxygen levels, and carbon dioxide levels (pH
maintenance).34 Prolonged time spent outside of the incubator can negatively affect
the conditions for optimal growth. Therefore, an Olympus IX70 microscope with an
IX-IBM incubator was used as the microscope platform. The IX-IBM incubator
encloses a portion of the microscope providing an incubator-like environment when
physiological conditions are established within. This allows for the cells to be studied
for a longer time frame while minimizing potential disturbances to optimal growth
conditions.35
The remainder of this chapter is organized as follows. First, the development of
the temperature-controlled and biocompatible box for the fluidic system is discussed.
The next section delves into the IX-IBM incubator setup and how appropriate
conditions were established within. The last section focuses on the integration of the
fluidic system with a multiwell plate on the microscope platform before discussing
proof of concept applications of this system in the following chapter.

4.2 Temperature-Controlled and Biocompatible Box Development
4.2.1

Design Considerations
To provide a temperature-controlled and biocompatible environment for the

fluidic system, we aimed to encase it in a box with a regulated heat source capable of
maintaining the internal temperature around 36-37°C. One major criteria was for the
box to be easily sterilized by 70% ethanol, providing a biocompatible environment
that would minimize potential contamination by the fluidic system. Acrylic sheets
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were chosen as the construction material due to its simple sterilization by wiping with
70% ethanol and its transparency, which provides a clear view into the fluidic system.
An Olympus Temperature Control Unit (TCU) was used as the regulated heat source.
It compares the temperature from its temperature sensor and the set point temperature
and supplies forced hot air accordingly. The TCU is intended for use with the IXIBM incubator, however, it was chosen as a better fit for controlling the temperature
in the fluidic system box, which is discussed in detail below. The choice of using a
commercial TCU for this step was, in part, guided by having one available in our lab.
If such were not the case, a similar strategy to that used by the incubator, as discussed
below, could easily be implemented.
Another key consideration was to minimize the total space the fluidic system
occupied. Therefore, the encased fluidic system was placed on custom-built stands
with the syringe pumps fastened to the acrylic box and oriented vertically. This made
the entire fluidic system one complete, temperature-controlled, and biocompatible
apparatus that was simple to move around and manipulate. Figures 4.1 and 4.2 show
the entire apparatus from a front and back perspective, respectively, including the
SolidWorks models that the design was based on.
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Figure 4.1: Front view of the temperature-controlled and biocompatible fluidic
system as shown by our SolidWorks model (left) and the actual system (right). Box is
made from acrylic sheets and an Olympus temperature control unit is used to maintain
physiological temperature within.
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Figure 4.2: Back view of the temperature-controlled and biocompatible fluidic system
as shown by our SolidWorks model (left) and the actual system (right). The electronic
components were fastened to the back of the box with a custom-built mounting piece.
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4.2.2

Materials and Methods
The initial step in developing the apparatus was building the acrylic box. We

sized the box to efficiently fit the fluidic system, minimizing the amount of material
used, and therefore, the amount of space for heating. The acrylic sheets were scored
at the approximate dimensions with a plastic-scoring blade and then snapped off. This
step left jagged edges, so a mill from the UNM Mechanical Engineering
Department’s Machine Shop was used to smooth them out and reach the appropriate
dimensions. The mill was also used to drill a hole and a T-shaped cut into the bottom
of the box for a heating port from the TCU and an exit for the tubing from the
syringes, respectively. These cuts can be seen in Figure 4.1. Weld-On 4Ò acrylic
adhesive was used to join the acrylic sheets forming a five-sided box. A full enclosure
was made by joining the five-sided box with an 18”x12”x1” wood support lined with
an acrylic sheet of the same dimensions. This allowed the box to easily open for
access to the fluidic system. The support was used to mount both the syringe pumps
via their mounting piece and the stands used to hold the encasement upright. Enough
space was left underneath the encasement for the TCU.
The finishing components were all custom-built, 3D printed pieces each of which
is highlighted in Figure 4.3 and discussed below. They were all designed in
SolidWorks and 3D printed with either Tough PLA (red) or PLA (black). Four
magnet holders (Figure 4.3a) were made to each fit four rectangular magnets and
placed between the box and support to keep the box from swinging open.
Additionally, a handle (Figure 4.3b) was placed on the box for ease of opening
against the force from the magnets. Three L-brackets (Figure 4.3c) were mounted to
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support each of the syringe pumps in their vertical orientation. Finally, a mounting
piece for the Arduino and three breadboards was made and mounted to the back of
the support, as shown in Figure 4.2
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a

b

c

Figure 4.3: SolidWorks models of the finishing components of the acrylic box
referenced to their actual location on the box. Four magnet holders with rectangular
magnets (a) were placed to keep the door of the box from swinging open. A door
handle (b) was created to assist in opening the box. L-brackets (c) supported the
syringe pumps vertically.
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4.2.3

Results and Discussion
The box is approximately 18”x12”x4” with a wall thickness of 0.22”. The entire

apparatus stands approximately 2.5’ high. After placing the apparatus in its location
on the lab table, it stands about eye level, which is ideal for accessing the fluidic
system. The apparatus occupied a much smaller space with this vertical orientation,
which was critical due to the limited space available in the lab. Additionally, having
the fluidic system encased and standing made it much easier to move around as
needed, which was particularly useful for diagnosing operational issues.
The TCU was placed under the apparatus with a 0.5” gap. The blower from the
TCU and the heating port on the box were lined up for optimal heating. It took
approximately one minute for the encasement to reach the set temperature of 36°C on
the TCU. There were negligible losses from the 0.5” gap due to the high airflow from
the TCU. To establish if there was a temperature gradient within the box, an
additional thermometer was placed opposite to the temperature sensor of the TCU.
There was a 2°C difference between opposite ends of the box. However, this was not
a significant issue because the syringe pump on the cooler end was not to be used to
deliver any fluid to the cell cultures. It was designated as a withdraw syringe for
removing fluid from the cell culture system. For sterilization, 70% ethanol was used
to wipe down everything inside of the box. There were no significant issues with
respect to contamination on the time scale of relevant experiments as shown in the
applications described in the next chapter. The next sections discuss the Olympus IXIBM incubator setup on the IX70 microscope and integrating the fluidic system with
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a multiwell plate on the microscope platform as a preparation for cell culture
experimentation.

4.3 Microscope and Incubator Environmental Control
4.3.1

Considerations
As mentioned above, we aimed to integrate the fluidic system with a multiwell

plate on an Olympus IX70 microscope platform with an IX-IBM incubator. This
system can be seen above in Figure 1.1. The incubator allows for the coupling of livecell imaging with time-lapse experimentation on cell cultures by providing
physiological conditions for cell growth. Both the IX70 and IX-IBM were available
in the Thompson lab (Research Incubator Building (RIB) on UNM’s North Campus),
however, the IX-IBM had never been used before and needed to be set up. The use of
a commercial incubator chamber was guided by its availability, but the chamber
could also be readily assembled from acrylic sheets as done for the previously
described fluidic system box. This section describes this set up and how the
conditions for cell growth were established within the incubator. These essential
conditions are temperature, CO2 levels, and humidity. Most human cell lines should
be maintained between 36-37°C, their natural physiological temperature for optimal
growth.11 Therefore, a regulated heat source capable of maintaining that temperature
is critical for the incubator. Controlling appropriate CO2 levels within the incubator
helps maintain a stable pH in cell cultures. Growth media typically contains a CO2bicarbonate based buffer that reacts with dissolved environmental CO2 to stabilize
physiological pH. The amount of the bicarbonate in the media dictates how much
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CO2 is necessary in the cell culture environment to maintain the pH, however, use of
5% CO2 is typical.36 Humidity is important for balancing the water concentration
within the growth media. Relative humidity under 85% causes water to evaporate
from the growth media leaving a higher concentration of salts, minerals and other
components of the growth media, which can be toxic or deadly for cells.37 Methods of
establishing each of these conditions in the IX-IBM incubator is discussed in
respective sections below.

4.3.2

Materials and Methods

4.3.2.1 Temperature Control
A 100-watt ceramic heat lamp with a thermostat was used to maintain the
temperature between 36-37°C within the incubator. The thermostat was set to 36°C to
begin heating. The heat lamp was set in one corner of the incubator, as shown in
Figure 4.4, facing away from the microscope stage to prevent potential overheating of
the cells. Four, one-inch fans were placed on each corner of the incubator to promote
air circulation and minimize temperature gradients. Spacers were placed between
each of the fans and the incubator walls to maximize airflow. These spacers were
designed in SolidWorks and 3D printed with PLA. The fans with spacers are also
shown in Figure 4.4
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Fans

Spacer

Heat lamp

Figure 4.4: Image showing temperature control within the microscope incubator. A
regulated heat lamp was placed one corner of the microscope facing away from the
microscope stage. Four fans, two of which are shown here, were placed on each corner
of the incubator for circulation.
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4.3.2.2 CO2
To establish 5% CO2 in the incubator, a tank of 5% CO2 in air was purchased
from UNM’s Chemical and Research Laboratory Supplier. The output from the tank
was connected to a flow meter. The flow was set to around 8 liters per minute (LPM)
allowing the CO2 to reach appropriate levels in the incubator and eventually
equilibrate. This flow rate was based on the approximate volume of the incubator and
the characteristic time to fill it as discussed below. After the flow meter, the CO2 was
fed into a HEPA filter (and a few other steps as discussed in the next section) before
filling the incubator.

4.3.2.3 Humidity
As advised by Dr. Shreve and Dr. Thompson, from UNM’s Department of
Chemical and Biological Engineering and College of Pharmacy, respectively, around
50% humidity was an appropriate level for the incubator to sufficiently support the
cells without negatively affecting the electronic and optical components of the
microscope. Since CO2 was already being fed into the incubator, it was also used to
reach appropriate humidity levels. After the HEPA filter (mentioned above), the CO2
was fed into the top of a 2 L filter flask with a graduated pipette connected to an air
stone, or bubbler, as shown in Figure 4.5. The bubbler was submerged in 1 L of
purified water providing increased surface area for mass transfer between the water
and CO2. The water in the flask was brought to a boil for 20 minutes for sterilization
and then cooled off the hot plate for 10 minutes. The humidified CO2 from the flask
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was fed through an additional filter flask to capture condensed vapor before being fed
into the incubator, also shown in Figure 4.5.
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Bubbler

Figure 4.5: Image showing humidity control within the microscope incubator. The
incoming CO2 was fed into a heated filter flask with water. Blue arrows indicate
direction of flow. A bubbler was used for more efficient mass transfer between the
CO2 and water. An additional flask was used to capture any condensed vapor before
entering the incubator.
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4.3.3

Results and Discussion

4.3.3.1 Temperature Control
The incubator reached its set point temperature of 36°C in about 30 minutes as
indicated by the sensor on the thermostat. After the 30 minutes, the temperature
would fluctuate between approximately 35.5 and 36.5°C. An additional temperature
sensor was placed opposite of the heat lamp to detect any temperature gradients
within the incubator. Throughout the warmup, the additional temperature sensor was
about a 2°C lower than the temperature sensor connected to the heat lamp, but both
would eventually equilibrate.
This radiative heat source was a better alternative to the forced air Olympus
Temperature Control Unit (TCU) that was included with the IX-IBM incubator for at
least two different reasons. First, unlike the TCU, the radiative heat source does not
pose a threat of potentially introducing airborne contaminants. Second, the CO2 used
is premixed at 5% CO2 in air which is essential for the cells.36 The TCU would reduce
the CO2 concentration to about 0.04%, matching the ~400 ppm value of normal
atmosphere, by introducing the forced air drawn from the room.38

4.3.3.2 CO2 Control
The volume of the incubator is approximately 61 L and the CO2/air mixture was
introduced at around 8 liters per minute (LPM). One can define the characteristic
time, t, of exchanging the contents within the incubator with the incoming CO2
mixture as the volume of the incubator divided by the incoming flow rate. The
parameters given above (61 L and 8 LPM) result in a characteristic time of
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approximately 7.6 minutes. Assuming well mixed contents within the incubator, after
about 25 minutes (t»3t), the system is about 95% to a new steady state. With the cell
cultures in place, as discussed below, flow of the CO2/air mixture continues for the
duration of an experiment. A CO2 sensor could have been used, but accurate CO2
sensors are expensive, and the methods explained above proved to be sufficient as
shown in the proof-of-concept experiments discussed in the next chapter.

4.3.3.3 Humidity Control
A hygrometer was placed inside the incubator for detecting humidity levels. The
initial humidity within the incubator would vary based on atmospheric conditions. To
increase the humidity, the CO2 was fed into a filter flask with water. A bubbler was
used at the CO2/water interface, which provided increased surface area for mass
transfer between the two. The humidity in the incubator was highly sensitive to the
temperature of the water. If the water was room temperature, the humidity would not
change as proven by previous experiments. If the water was too hot, the humidity
would increase to 90% in seconds. It was determined that a consistent water
temperature of around 80°C keeps a stable humidity between 45-55% within the
incubator for hours. This was accomplished by boiling the water with a hot plate for
20 minutes (which also sterilized the water), taking it off the hot plate to cool for 10
minutes, and then placing it back on the hot plate set with a temperature of 80°C.
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4.4 Integrating the Fluidic System with a Multiwell Plate
As discussed above, the fluidic system was made compatible for handling cell
cultures while the microscope and incubator were set up for prolonged live-cell
imaging and analysis of cell cultures. This section describes how the fluidic system
was interfaced with the cell cultures, which were implemented using a 6-well plate.
The fluidic system was designed such that two of the syringe pumps would be used to
deliver fluid to the well plate and the last syringe pump would withdraw fluid from
the well plate. Needles were used to facilitate delivery or withdraw to and from the
well plate. Figure 4.6 shows how the fluidic system was interfaced with a 6-well plate
via needles. 6-well plates were chosen because they provide enough space for
integration with the fluidic system. The delivery syringe pumps were interfaced with
the well plate by an 18-gauge hypodermic needle, and the withdraw syringe pump
used a 16-gauge blunt needle. After testing both types of needles, blunt needles
remove fluid more efficiently because of their tip and hole shape. Insertion points for
the needles were made on the lid of the well plate by carefully forcing a hole with
hypodermic needles. Once the needles were securely in place, the final step was to
carefully fit the 6-well plate onto the microscope stage, as shown in Figure 4.7. There
was limited space between the needles and the microscope components, so care was
taken when positioning the well plate.
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Figure 4.6: Image of how the fluidic system was interfaced with a 6-well plate for
cull culture experimentation. The delivery syringe pumps were interfaced with 18gauge hypodermic needles (pink) and the withdraw syringe pump was interfaced with
a blunt ended needle for efficient removal of fluid within the plate (brown).
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Figure 4.7: Images of the 6-well plate interfaced with the fluidic system and placed
on the microscope stage. Two different perspectives are shown.
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4.5 Chapter Summary and Conclusions
This chapter described the development of a cell culture experimentation system
in which the fluidic system was integrated with a multiwell plate on an
environmentally controlled microscope platform. First, the fluidic system was made
compatible for cell cultures by containing it in a temperature-controlled and
biocompatible box. The box was made of acrylic sheets for simple sterilization via
70% ethanol and was heated with an external forced air temperature control unit.
Next, the IX-IBM incubator was installed on the Olympus IX70 for prolonged livecell imaging and analysis of cell cultures. Physiological conditions such as
temperature, CO2 levels, and humidity were established within the incubator for
optimal cell growth. It took approximately 30 minutes for all appropriate conditions
to be established. The last component was integrating the cell cultures themselves in a
6-well plate. The fluidic system was integrated with the well plate by hypodermic and
blunt ended needles. The needles were connected to the syringe pump with about
three feet of tubing. This allowed for enough space between the fluidic system and
the well plate on the stage of the microscope. Overall, these components encompass a
cell culture experimentation system with integrated fluidics, environmental control,
and microscopy. The next chapter discusses proof-of-concept of this system by
applying it to controlling levels of autophagy by nutrient deprivation in A549 cells,
human lung carcinoma epithelial cells.
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CHAPTER 5
PROOF OF CONCEPT APPLICATIONS WITH AUTOPHAGY MODULATION
5.1 Introduction
This chapter describes proof-of-concept applications of the fluidic system,
specifically in the context of in vitro modulation of autophagy in A549 cells, human
lung carcinoma cells. Autophagy is a highly regulated cellular recycling process for
maintaining homeostasis. 39 Cytoplasmic components such as damaged or
dysfunctional organelles and proteins are engulfed in double-membraned vesicles,
called autophagosomes or autophagic vesicles (AVs), and delivered to lysosomes for
degradation producing macromolecular precursors. Cells exhibit basal levels of
autophagy under normal conditions, however, increased levels of autophagy can be
induced in response to cellular stresses such as nutrient deprivation as a way to
provide the cells with more precursors.40 Additionally, autophagy has been linked to
some disease processes in both positive and negative ways. In cancer, for example,
autophagy can protect cancer cells from the stresses caused by the nutrient deficient
tumor environment. Paradoxically, however, excessive recycling by autophagy can
also induce cell death.41 Autophagy can also play a complicated role in the response
of cancer cells to treatment methods. For example, upregulation of autophagy has
been shown to enhance tumor resistance to anticancer therapies in certain tumor cell
lines while, contrarily, other examples have shown autophagy-mediated cell death in
certain cancer cells.42 Therefore, there are many potential benefits for controlling the
levels of autophagy in specimens.

58
One well established method for inducing autophagy in cells is through nutrient
starvation. Although members of our research team have explored several different
types of pharmaceutical reagents to induce or, less successfully, inhibit autophagy,
control of nutrient levels seems the most robust and simplest method that is also
amenable to integration with fluidic systems. Thus, the focus of our initial
experiments is the control of autophagy by nutrient starvation. Earle’s Balanced Salt
Solution (EBSS) is an isotonic buffer solution that can induce autophagy by nutrient
deprivation because it lacks essential amino acids, thereby providing a nutrient
deprived environment.43 It also contains appropriate components to help maintain
structural and physiological integrity of the cells.44
Additionally, there are several methods of studying autophagy, but fluorescent
protein-based autophagy biomarkers are used in this work, particularly the RFG-GFPLC3 tandem protein. In an oversimplification, microtubule-associated protein light
chain 3 (LC3) becomes incorporated with the membranes of AVs in a multistep
process (beyond the scope of this work), which is marked by the red fluorescent and
green fluorescent proteins (RFP and GFP).45 For the experiments discussed below, the
focus is on AV formation as indicated by GFP fluorescence, as shown in Figure 5.1.
Previous experiments by Nelson Amaya and the Thompson, Shreve, and
Sorrentino Groups have controlled the levels of autophagy by nutrient manipulation
as indicated by the RFP-GFP-LC3 protein in A549 cells. In these experiments,
autophagy was induced by treating the cells with EBSS for some given time.
Autophagy levels were then brought back down to basal levels by removing the
EBSS and reintroducing growth media. This provided a way of modulating autophagy
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in a temporal manner in A549 cells. This prior work was done manually with
variations of pipettes and placing the cells in and out of a large-scale incubator in the
Thompson lab. The goal presented here was to show that these experiments could be
implemented using the fluidic cell culture experimentation system developed in this
work, which provides a fundamental step in the direction of using the programmable
fluidic system to provide feedback control of levels of autophagy in A549 cells.
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Autophagic
Vesicles (AVs)

Figure 5.1: Microscopy images of autophagic vesicles (AVs) in A549 cells. These
cells contain a GFP-associated autophagy marker that highlights formation of AVs.
Image taken by Nelson Amaya for experiments unrelated to those discussed herein.
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5.2 Materials and Methods
5.2.1

Cell Cultures and Reagents
A549 cells were originally obtained from ATCC.46 Transformation of A549 cells

with GFP-associated autophagy biomarker occurred in Dr. Mike Mandell’s lab in
UNM’s School of Medicine and were generously provided to Dr. Thompson and
collaborators. Nelson Amaya cultured the cells in the Thompson lab.
The growth media used was Corning® F-12K Nutrient Mixture. EBSS was
purchased from Sigma-Aldrich®. Cells were plated at a density of 200,000 cells/well
in a 6-well plate.

5.2.2

Pre-Experimentation
The initial steps involved preparing the Olympus IX70 microscope and IX-IBM

incubator for experimentation. Appropriate temperature, CO2 levels, and humidity
were established within the incubator as described in the previous chapter. Once
initiated, it took about 30 minutes to reach appropriate levels in the incubator. During
this warmup time, the fluidic system and cell cultures were prepared for
experimentation.
The fluidic system components, other than the syringe pumps themselves,
included 60 mL syringes, 1/16" ID x 1/8" OD Tygon® ND 100-65 tubing, 1.5” 18gauge hypodermic needles, and 1” 16-gauge blunt end needles. The initial steps
involved sterilization of the components. The syringes and hypodermic needles were
pre-sterilized and packaged. Everything else was sterilized by 70% ethanol. The
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tubing was sterilized by flushing the ethanol through it with a dedicated sterilized
syringe.
The next steps involved filling the syringes with the EBSS and growth media
treatments. As mentioned above, the fluidic system is used such that two of the
syringe pumps are for delivery, one for EBSS and one for media in this case, and one
is for withdraw from the well plate. The stock media and EBSS were warmed in a
water bath to 36°C. Once warmed, the syringes were filled with each reagent in the
biosafety hood to prevent contamination. The syringes were filled with 60 mL of
EBSS and 20 mL of media to account for additional treatment replacements as
discussed below. After filling, the syringes were capped. The needles (with the
tubing) were inserted into the lid of the well plate as described in the previous
chapter. The needles, tubing, and well plate were initially separate from the filled
syringes to simplify integration with the microscope platform as discussed below.
These preparation steps were done in a dedicated cell culture room. Next, everything
was transported to the microscopy room for experimentation.
The components were transported to the microscopy room in a sterilized box.
Since the tubing was not connected to the syringes, the open ends were covered in an
ethanol-soaked gauze to prevent contamination. Once in the microscopy room, the
well plate with interfaced needles was placed on the microscope stage. The syringes
were fastened to the syringe pumps, and then the tubing was then connected to the
syringes. At this stage, the fluidic system is completely integrated with the well plate
on the microscope platform, and the system is ready for experimentation.
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5.2.3

EBSS and Growth Media Treatments
The experiment involved three different treatments for the A549 cells facilitated

by the fluidic system. The first treatment involved using the fluidic system to replace
the initial growth media in the well plate with EBSS to induce autophagy levels in the
cells. The cells were initially in 2 mL of growth media. Four EBSS replacements,
referred to as “washes” below, were performed to ensure there was no residual media
left in the well plate. The first three washes were performed with 8 mL of EBSS, and
the last wash was with 3 mL of EBSS. Finally, 3 mL of EBSS was delivered as the
treatment. Cells were exposed to this EBSS treatment for one hour.
The next treatment involved using the fluidic system to remove the EBSS from
the well plate and replace it with growth media to downregulate autophagy levels in
the cells. This treatment involved three washes with media to ensure no residual
EBSS was in the well plate. The first two washes were performed with 5 mL of media
and the last wash with 3 mL. 3 mL of media was delivered to the well plate as the
treatment. The cells were left in this treatment for 1.5 hours. The last treatment was
an attempt to reinduce autophagy levels by using the fluidic system to replace the
growth media with EBSS following the same procedure as above. The cells were left
in this treatment for one hour.

5.2.4

Imaging
An Olympus IX70 microscope with the cellSens imaging software was used to

capture images. An emission filter allowing 488 nanometer (nm) wavelength light
from an X-Cite® 120LED Boost illumination system was used for excitation of the
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GFP-associated autophagy biomarker. Images were taken every 10 minutes after the
treatment delivery and saved as Tag Image File Format (TIFF) files.

5.3 Results and Discussion
The fluidic system was integrated with one well of a 6-well plate containing A549
cells on an environmentally controlled Olympus IX70 microscope platform. The
fluidic system was programmed through the Arduino interface, and under computer
control, commands were sent to the fluidic system to facilitate EBSS and growth
media treatments to the cells for up and downregulation of autophagy levels,
respectively. The cells were subjected to an EBSS treatment for one hour followed by
a growth media treatment for 1.5 hours. A final treatment of EBSS for one hour was
implemented as an attempt to reinduce autophagy levels. Images were taking every
10 minutes after introducing the treatment. Figure 5.2 shows the images of the cells
before any treatment was administered by the fluidic system. Figures 5.3, 5.4, and 5.5
are the images of the cells at the end of the first EBSS treatment, end of the growth
media treatment, and end of the second EBSS treatment, respectively.
Cells exhibit basal levels of autophagy under growth conditions.40 This can be
seen in Figure 5.2, their pre-treatment state, where certain cells are expressing low
levels of GFP-associated AVs. However, after one hour in the EBSS treatment, the
cells show a significant increase in autophagy levels as portrayed in Figure 5.3.
Again, EBSS provides a nutrient deprived environment for the cells, and increased
autophagy is a means of recycling nutrients under these stressful conditions.43 Nearly

65
all of the cells in the image exhibited some response to this treatment as highlighted
by the GFP-associated AVs, particularly in comparison to their pre-treatment state.
Figure 5.4 shows the cells 1.5 hours after the fluidic system, under computer
control, replaced the EBSS treatment with regular growth media. There is an evident
decrease in the formation of AVs relative to the EBSS treatment. Moreover, some
cells are expressing basal levels of autophagy, comparable to the that shown by the
cells before any treatment was administered (Figure 5.2). Reintroducing growth
media stabilized the cells in terms of autophagy after enduring stressful conditions by
reintroducing a nutrient-rich state.
Lastly, commands were sent to the fluidic system to replace the growth media
from the well plate with a second treatment of EBSS as an attempt to reinduce
autophagy. The cells were left in this treatment for an additional hour and their state
at the end of this treatment is highlighted in Figure 5.5. This is little expression of
autophagy by the cells, especially in comparison to the first EBSS treatment (Figure
5.3). The autophagy levels never changed throughout the duration of this final
treatment. To assess if these implications were due to the fluidic system or
environmental conditions in the incubator, a similar experiment with the same three
treatments and duration was done manually and using a commercial incubator.
Similar results occurred where autophagy was not able to be reinduced on the third
treatment. Current work by Nelson Amaya and the Thompson/Shreve/Sorrentino
Groups is being done to address this observation. A more quantitative evaluation of
autophagy levels on a cell-by-cell basis is a work in progress. After the experiments,
the cells were inspected for biological contamination with bright-field imaging by the
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IX70 microscope, and none were present. Additionally, the cells responded well to
the environmental conditions within the incubator throughout the duration of the
experiment.
Figure 5.6 shows a selected population of cells (as shown in Figures 5.2-5.5)
through the duration of the experiment. This developed system allows for time-lapse
study on individual (or populations) of live cells in which the same cells can be
tracked over time, particularly, as the culture conditions are modulated by
programmable the fluidic system. These experiments provide a fundamental step
towards implementing the fluidic system in feedback control of autophagic activity in
A549 cells by nutrient manipulation.
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Figure 5.2: Studied colony of A549 cells before any treatment was administered by
the fluidic system. Certain cells exhibit a basal level of autophagy as indicated by the
GFP-associated autophagic vesicles (AVs).

68

Figure 5.3: Same colony of A549 cells after one hour in EBSS treatment as
implemented by the fluidic system. Cells exhibit an increased level of autophagy as
indicated by the GFP-associated AVs. Most cells in this colony exhibit some response
to the treatment.
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Figure 5.4: Same colony of A549 cells after 1.5 hours in growth media following the
first EBSS treatment as implemented by the fluidic system. Levels of autophagy
decreased relative to the EBSS treatment as indicated by the GFP-associated AVs.
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Figure 5.5: Same colony of A549 cells after one hour in an additional treatment of
EBSS following the growth media treatment as implemented by the fluidic system.
Autophagy was not reinduced.
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a

b

c

d

Figure 5.6: Selected population of A549 cells over the duration of the experiment.
This developed system allows for time-lapse study of live cells in which the same
cells can be tracked over time (a) Cells before any treatment was administered by the
fluidic system. (b) Cells one hour after first EBSS treatment was administered by the
fluidic system (c) Cells 1.5 hours after growth media treatment was administered. (d)
Cells one hour after second EBSS treatment was administered.
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5.4 Chapter Summary and Conclusions
This chapter discussed proof-of-concept applications for the developed fluidic
system and its integration with an environmentally controlled microscope platform,
specifically for temporally modulating autophagy levels in A549 cells by controlling
nutrient supply. The Arduino-programmed fluidic system, under computer control,
was used to implement EBSS and growth media treatments to the cells. The
environmentally controlled Olympus IX70 microscope was used to analyze the
autophagic response of the cells as indicated by the formation of GFP-associated
AVs. The cells showed in increase in autophagy followed by a decrease in response
to consecutive EBSS and growth media treatments, respectively. EBSS provides a
nutrient deficient environment while growth media resupplies those nutrients. An
attempt to reinduce autophagy by an additional EBSS treatment proved to be
unsuccessful. Current work is being done to address this observation, although it is
likely due to biological considerations outside of the scope of this work.
This cell culture experimentation system with integrated fluidics, environmental
control, and microscopy proved to be an efficient system for studying cell cultures.
The environmentally controlled microscope platform provided appropriate conditions
for the cells to survive and grow. The integration of the fluidic system with the cell
cultures on this platform allows for time-lapse experiments on individual (or
populations) of cells in which the same cells can be tracked over time as the cell
culture conditions are changed. These experiments provide a fundamental step in the
direction of implementing the fluidic system in feedback control of cell culture
systems or, more specifically, in feedback control of autophagy in A549 cells by
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controlling nutrient supply. The next chapter provides a summary of the work
presented here and potential future directions.
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CHAPTER 6
SUMMARY AND FUTURE DIRECTIONS
6.1 Summary of Work
This thesis presents the development of a programmable, open-source and costeffective fluidic system for cell culture applications. The fluidic system is comprised
of three custom-built syringe pumps made of 3D printed components, which were
designed in CAD software, and other “off-the-shelf” hardware. The syringe pumps
were operated by open-source hardware and software, specifically an Arduino Uno.
The Arduino provides an easy-to-program interface allowing for the system to be
easily modified or adapted to any application. However, this fluidic system was
developed to be compatible for cell culture applications, specifically by containing it
in a temperature-controlled and biocompatible box. Additionally, the fluidic system
was integrated with a multiwell plate on an environmentally controlled microscope
platform allowing for live-cell imaging and time-lapse analyses of cellular responses.
Together, these components encompass a cell culture experimentation system with
integrated fluidics, environmental control, and microscopy.
For proof-of-concept, the fluidic system was applied to the temporal modulation
of autophagy in A549 cells by controlling nutrient supply. The programmable fluidic
system, under computer control, was used to deliver treatments to the cells, and the
environmentally controlled IX70 microscope was used to analyze the temporal
cellular responses to the treatments. The system was successful in providing
treatments to up and downregulate autophagy in the cells while capturing images
proving so. The experiments and the programmability of the fluidic system provides a
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fundamental step in the direction of implementing the fluidic system in feedback
control of autophagy in A549 cells by controlling nutrient. Although a specific
example, the simple programmability allows for future implementation of the fluidic
system in feedback control of many cell culture systems.

6.2 Future Directions
As previously mentioned, a long-term goal of this work was to have the
developed fluidic system integrated with closed-loop cell culture systems. The simple
and straightforward programming with the Arduino interface allows the Arduino Uno
to be easily programmed as a feedback controller. In the context of the proof-ofconcept experiments above, the Arduino Uno can be programmed for feedback
control of autophagy levels in A549 cells by controlling nutrient or drug
concentrations by the fluidic system. Figure 6.1 below shows a general closed-loop
block diagram for this control scheme. The discussion below refers to this figure.
In this control scheme, the controlled variable is autophagic activity in A549 cell
cultures in a 6-well plate as indicated by GFP-associated autophagic vesicles (AVs).
The setpoint would be some desired level of autophagic activity, and the microscope
would act as the sensor providing images showing autophagic activity. These images
can be processed, quantifying the number of AVs per image. Current work by Nelson
Amaya and the Thompson/Shreve/Sorrentino Groups uses the open-source, image
processing software CellProfiler to process the microscopy images. CellProfiler uses
user-defined pipelines for per-image quantification of the number of cells and number
of AVs per cell by identification of their morphological features.47 An error signal can
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be generated by comparing the data from CellProfiler to the desired setpoint. This
error signal can be directed to the Arduino feedback controller, which creates a
corresponding output. In this case, the output would be an electrical signal that is sent
to the motors of the syringe pumps for actuation. This actuation causes a change in
nutrient or drug concentrations within the well plate by delivering or withdrawing a
specified volume of reagents for controlling the autophagic activity. Although not
shown in the diagram, control of the nutrient or drug concentration requires the use of
multiple programmable syringe pumps and mixing of the contents within the well
plate. This process should continue until the autophagic activity is stabilized around
the setpoint. Although the above description is in terms of autophagic activity in
A549 cells, this control scheme can be implemented to control many different cell
culture related variables.
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-
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Controller
(Arduino)
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(Syringe Pumps)
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Manipulated
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concentration)

Process
(Cell Culture
System)

Controlled Variable
(autophagic vesicle
count)

Figure 6.1: Closed-loop block diagram of controlling autophagic activity with the developed fluidic cell culture system.
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APPENDIX
ARDUINO SKETCH FOR OPERATING THE FLUIDIC SYSTEM
This Arduino sketch was adapted from an open-source sketch for operating a stepper
motor using the AccelStepper library in the Arduino IDE software.29 Modifications were
made to operate the three stepper motors for the developed fluidic system applications.
The Arduino sketch for operating the fluidic system is given below.
#include <AccelStepper.h>
//User-defined values for motors
long receivedSteps = 0; //Number of steps for the motor
long receivedSpeed = 0; //Speed at which to take them (steps/second)
char receivedCommand;
int directionMultiplier = 1; // positive direction=1, negative
direction=-1
bool newData, runallowed = false; // booleans for new data from serial,
and runallowed flag
AccelStepper stepper1(1, 9, 8); // Defining Arduino pins for motor 1
(9=step (PWM), 8=direction)
AccelStepper stepper2(1, 10, 7); // Defining Arduino pins for motor 2
(10=step (PWM), 7=direction)
AccelStepper stepper3(1, 11, 12); //Defining Arduino pins for motor 3
(11=step (PWM), 12=direction)
void setup() {
// put your setup code here, to run once:
Serial.begin(9600); //define baud rate
//setting default maximum speed in steps/sec (6000 steps/sec)
stepper1.setMaxSpeed(6000);
stepper1.disableOutputs(); //disables motor pins initially
stepper2.setMaxSpeed(6000);
stepper2.disableOutputs();

}

stepper3.setMaxSpeed(6000);
stepper3.disableOutputs();

void loop() {
// put your main code here, to run repeatedly:
checkSerial(); //check serial port for new commands
RunMotor1(); //function to operate each of the motors
individually
RunMotor2();
RunMotor3();
}
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void RunMotor1()
{
if (runallowed == true)
{
stepper1.enableOutputs(); //enables motor pins
stepper1.run(); //runs the motor at defined steps
}
else //program enters this part if the runallowed is FALSE, nothing
happens
{
stepper1.disableOutputs();
return;
}
}
void RunMotor2()
{
if (runallowed == true)
{
stepper2.enableOutputs();
stepper2.run();
}
else
{
stepper2.disableOutputs();
return;
}
}
void RunMotor3()
{
if (runallowed == true)
{
stepper3.enableOutputs();
stepper3.run();
}
else //program enters this part if the runallowed is FALSE, we do not
do anything
{
stepper3.disableOutputs(); //disable outputs
return;
}
}
void checkSerial() //checks serial monitor for commands for motors
{
if (Serial.available() > 0) //checks if something is coming from
the computer
{
receivedCommand = Serial.read(); //sets the comand to a
variable
newData = true; //indicate that there is a new data by setting
this bool to true
if (newData == true) //
{
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monitor

switch (receivedCommand) //check command from serial
{

case 'P': //Rotates motor 1 clockwise (pushes syringe 1)
with the move() function of the AccelStepper library
receivedSteps = Serial.parseFloat(); //value for the
steps
speed

receivedSpeed = Serial.parseFloat(); //value for the

directionMultiplier = 1; //direction
Serial.println("Pushing Syringe 1"); // prints action
on serial monitor
Move1(); //Run the function
//example command: "P10000 6000" - 10000 steps at 6000
steps/s clockwise
break;
case 'N': //Rotates motor 1 counterclockwise (pulls syringe
1) with the move() function of the AccelStepper library
steps
speed

receivedSteps = Serial.parseFloat(); //value for the
receivedSpeed = Serial.parseFloat(); //value for the
directionMultiplier = -1; //direction
Serial.println("Pulling Syringe 1"); //print action
Move1(); //Run the function

//example command: "N10000 6000" - 10000 steps at 6000
steps/s counterclockwise
break;
case 'S': // Stops motor 1
stepper1.stop(); //stop motor
stepper1.disableOutputs(); //disable power
Serial.println("Stopped."); //print action
runallowed = false; //disable running
break;
case 'p': //Rotates motor 2 clockwise (pushes syringe 2)
with the move() function of the AccelStepper library
receivedSteps = Serial.parseFloat();
receivedSpeed = Serial.parseFloat();
directionMultiplier = 1; //direction
Serial.println("Pushing Syringe 2");
Move2();
//follow same example of commands as P and N
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break;
case 'n'://Rotates motor 2 counterclockwise (pulls syringe
2) with the move() function of the AccelStepper library
receivedSteps = Serial.parseFloat();
receivedSpeed = Serial.parseFloat();
directionMultiplier = -1;
Serial.println("Pulling Syringe 2");
Move2();
//follow same example of commands as P and N
break;
case 's': // Stops motor 2
stepper2.stop();
stepper2.disableOutputs();
Serial.println("Stopped.");
runallowed = false;
break;
case 'C': ////Rotates motor 3 clockwise (pushes syringe 3)
with the move() function of the AccelStepper library
receivedSteps = Serial.parseFloat();
receivedSpeed = Serial.parseFloat();
directionMultiplier = 1;
Serial.println("Pushing Syringe 3");
Move3();
//follow same example of commands as P and N
break;
case 'O': //Rotates motor 3 counterclockwise (pulls syringe
3) with the move() function of the AccelStepper library
receivedSteps = Serial.parseFloat();
receivedSpeed = Serial.parseFloat();
directionMultiplier = -1;
Serial.println("Pulling Syringe 3");
Move3();
//follow same example of commands as P and N
break;
case 'K': // Stops the motor
stepper3.stop();
stepper3.disableOutputs();
Serial.println("Stopped.");
runallowed = false;
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break;

}
}
//after we went through the above tasks, newData is set to
false again to receive new commands again.
newData = false;
}
}

void Move1()
{
//Move X steps from the current position of motor 1 in a given
direction.
runallowed = true; //allow running - this allows entering the
RunMotor() function
stepper1.setMaxSpeed(receivedSpeed); //set speed
stepper1.move(directionMultiplier * receivedSteps); //set distance
and direction
}
void Move2()
{
//Move X steps from the current position of motor 2 in a given
direction.
runallowed = true;
stepper2.setMaxSpeed(receivedSpeed);
stepper2.move(directionMultiplier * receivedSteps);

}
void Move3()
{
//Move X steps from the current position of motor 3 in a given
direction.
runallowed = true;
stepper3.setMaxSpeed(receivedSpeed);
stepper3.move(directionMultiplier * receivedSteps);
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